Introduction
============

Many heterotrophs can produce ATP through both respiratory and fermentative pathways, allowing them to survive with or without oxygen. Since the molar ATP yield (molar ATP yield: mole of ATP produced/mole of substrate consumed) from respiration is about 15-fold higher than that from fermentation, ATP production via respiration is more efficient. Surprisingly, at high catabolic rate, many facultative aerobic organisms employ fermentative pathways simultaneously with respiration, even in the presence of abundant oxygen to produce ATP ([@b23]; [@b37], [@b38]; [@b36]; [@b13]; [@b16]). This leads to an observable tradeoff between the ATP yield and the catabolic rate ([@b23]; [@b37]). This respiro-fermentation physiology is commonly observed in microorganisms, including *Escherichia coli*, *Bacillus subtilis*, *Saccharomyces cerevisiae* ([@b16]), as well as cancer cells ([@b33]). Despite extensive research, the biochemical basis for this phenomenon remains obscure.

One influential theory attributed the utilization of the fermentative pathways to a hypothetical limitation on the respiratory capacity ([@b31]; [@b14]). This theory suggests that as the respiratory pathway becomes saturated at high substrate influx, the organism may choose to satisfy its ATP demand by fermenting additional substrates, a strategy that offers a fitness advantage at the cost of lowering the ATP yield ([@b14]; [@b34]; [@b23]). However, overexpressing the genes encoding for the rate-limiting enzymes did not increase the respiratory capacity ([@b6]; [@b27]). Furthermore, it is puzzling why the respiratory capacity varies with different substrates. Despite this caveat, metabolic models ([@b19]) such as the flux balance analysis (FBA) ([@b34]; [@b7]; [@b9]) commonly adopt the 'respiratory capacity limitation\' theory through the introduction of an empirically measured cap on maximal oxygen uptake rate (OUR) ([Figure 1A and B](#f1){ref-type="fig"}). In addition to respiration, the tricarboxylic acid (TCA) cycle is actively downregulated in *E. coli*, *B. subtilis*, and *S. cerevisiae* during respiro-fermentation ([@b37], [@b38]; [@b30]); this implies that the OURs of these organisms at higher catabolic rates are perhaps regulated to be lower than their respective maximal OURs, possibly reflecting an unexplained evolutionary advantage for lowered respiration ([@b16]).

Challenging the conventional assumption that aerobic respiration is always preferred over fermentation ([@b14]; [@b34]), a recent theory ([@b29]) proposed that while the cellular metabolism maximizes the ATP yield in nutrient-poor environments, it maximizes the catabolic rate and the rate of energy dissipation in nutrient-rich environments. The biochemical basis for this switch in metabolic objective is the prohibitively expensive synthesis costs of respiratory enzymes, particularly during high catabolic rate ([@b22]; [@b16]). This line of reasoning leads to the conclusion that pure fermentation be accompanied with high growth rate. Yet, rapidly growing facultative aerobes also respire. Furthermore, if the catabolic rate is indeed maximized during unlimited growth, it is unclear why the maximum substrate uptake is slower under aerobic condition than anaerobic conditions ([@b25]). Another theory proposed that the tradeoff between ATP yield and catabolic rate is dependent on the fraction of intracellular volume occupied by respiratory enzymes and glycolytic enzymes, respectively ([@b35]). While the FBA with 'molecular crowding constraint\' (FBAwMC) ([@b1]; [@b35]) can predict acetate production to a certain extent, it could not predict the experimentally observed changes in growth rate and yield ([Supplementary information](#S1){ref-type="supplementary-material"}). Furthermore, FBAwMC cannot predict the production of acetate if the electron transport chain enzymes---membrane-bound enzymes that consumes little intracellular volume---are removed from its formulation ([Supplementary information](#S1){ref-type="supplementary-material"}). Despite these shortcomings, these theories highlight that the rate of metabolic processes must be accounted for in addition to the metabolic stoichiometry in understanding respiro-fermentative metabolism.

Finally, these aforementioned theories assume that the observed tradeoff between the ATP yield and the catabolic rate is solely caused by the utilization of fermentative pathways. However, experimental evidence ([Supplementary information](#S1){ref-type="supplementary-material"}) suggests that the efficiency of the respiratory pathway itself may be compromised due to the utilization of less-efficient dehydrogenases and cytochromes. Given that there exists a thermodynamic tradeoff between the turnover rate and the energetic efficiency of an enzyme ([@b15]; [@b39]; [@b21]), less-efficient enzymes may be preferred for their increased turnover rate. Based on these observations, we propose a simple, alternative explanation of the respiro-fermentation phenomenon by considering membrane occupancy, which provides a mechanistic explanation to all the observed physiological changes during the transition from respiratory to respiro-fermentative metabolism.

Results
=======

Prokaryotic membrane economics
------------------------------

The lipid membrane is an essential feature of all cells, and hosts various transmembrane proteins such as metabolite transporters and the respiratory enzymes. To maintain membrane integrity, the protein-to-lipid ratio must be kept below a critical level ([@b16]), therefore, only a fraction of the membrane area is available for protein expression. At higher catabolic rates, the prokaryotic cytoplasmic membrane can become saturated with transmembrane proteins. When this happens, all transmembrane proteins must 'compete\' for the *fixed membrane area* available for protein expression (see Materials and methods). Such a constraint on transmembrane protein expression may have significant physiological consequences in prokaryotes, such as *E. coli*, at higher catabolic rates. First, since both substrate transporters and respiratory enzymes are localized on the cytoplasmic membrane in prokaryotes, increased substrate uptake rates necessitates a decrease in the respiratory rate. This decrease in the respiratory rate, forces prokaryotes to process the additional substrate through the fermentative pathways, which are not catalyzed by transmembrane proteins, for continued ATP production. Furthermore, since the membrane requirement of an enzyme is inversely related to its turnover rate (see Materials and methods), the faster, but inefficient respiratory enzymes (such as Cyd-I and Cyd-II in *E. coli*) might be preferred over the slower and efficient enzymes (such as Cyo in *E. coli*), leading to an altered respiratory stoichiometry at higher catabolic rates. Finally, the absence of the respiratory enzymes under anaerobic conditions releases transmembrane space, which can be occupied by glucose transporters, resulting in faster glucose uptake rate (GUR) of *E. coli*.

Unlike the empirically derived uptake constraints used in FBA ([@b34]; [@b7]; [@b9]), our proposed theory of *cytoplasmic membrane economics* is mechanistic in nature, and is extensively supported by experimental evidences. For example, the overexpression of a non-respiratory membrane protein (YidC) in *E. coli* decreased the expression of succinate dehydrogenase and cytochrome oxidases as well as the oxygen consumption rate by \>50%; similarly, the overexpression of membrane proteins (YidC, YedZ, and LepI) alone was capable of inducing aerobic fermentation in the form of acetate production ([@b40]). Finally, *E. coli* lacking cytochrome oxidase genes could be adaptively evolved to obtain the same growth rate and GUR under aerobic conditions as under anaerobic conditions ([@b25]), corroborating our proposed theory of a competition for membrane availability between the substrate uptake and respiratory enzymes.

To study the physiological effects of cytoplasmic membrane constraint, we define the fraction of the available membrane required for a reaction to achieve the reaction rate of 1 mmol/gdw/h as the '*relative membrane cost*\' of the reaction. Based on the theoretical and experimental evidence discussed above, we propose that prokaryotic organisms manage the expression of transmembrane proteins economically so that the fitness is maximized while maintaining membrane integrity (see Materials and methods).

Modeling *E. coli* physiology
-----------------------------

To illustrate that the 'membrane economics\' theory could satisfactorily explain the physiological changes associated with the respiro-fermentation phenomenon in *E. coli*, we modified the genome-scale metabolic model of *E. coli* ([@b9]) to include the cytoplasmic membrane constraint. In *E. coli*, the cytoplasmic membrane is shared by a host of proteins, many of which are not directly involved in ATP production. As a simplification, our model assumes that only the expression of the glucose transporter and the three cytochromes (Cyo, Cyd-I, Cyd-II) are constrained by the availability of the cytoplasmic membrane. The relative membrane costs of the glucose transporter and the three terminal cytochrome oxidases (Cyo, Cyd-I, Cyd-II) were calculated from the growth data of various cytochrome-knockout strains (see Materials and methods). The three oxidases have varying turnover rates and energetic efficiency defined in terms of the proton translocation stoichiometry and the associated ATP yield ([@b3]). Since the 'relative membrane cost\' of an enzyme is inversely related to its turnover rate, the fast and inefficient Cyd-II ([@b3]) has a much lower cost than the slow and highly efficient Cyo. The relative cost of the moderately efficient Cyd-I is similar to that of Cyo under fully aerobic conditions; however, this cost becomes much less than that of Cyo under microaerobic (here, a microaerobic environment is defined as an environment where the oxygen concentration is \<0.01 mM) conditions due to Cyd-I\'s high affinity for oxygen ([@b32]; [@b3]).

Aerobic physiology in nutrient-excess and nutrient-limiting environments
------------------------------------------------------------------------

Simulating the metabolism using the conventional FBA in nutrient-rich environment requires imposing artificial constraints on certain uptake fluxes, such as glucose and OURs, in order to get meaningful output ([Figure 1B](#f1){ref-type="fig"}). This requirement arises because FBA does not account for the tradeoff between catabolic rate and ATP yield---the growth rate increases unboundedly with the catabolic rate (when glucose is the sole carbon source, the GUR is a representation of the overall catabolic rate) in an unconstrained FBA model ([Figure 1A](#f1){ref-type="fig"}). Constraining the occupancy of glucose transporters or the cytochrome oxidases on the cytoplasmic membrane, in an otherwise unconstrained FBA model, substantially decreases the solution space ([Figure 1C](#f1){ref-type="fig"}). As a result, an 'optimal solution\' can be found along the line of optimality without any constraints on fluxes ([Figure 1C](#f1){ref-type="fig"}). Using 'relative membrane costs\' calculated from experimental data, the new modeling framework---FBA with membrane economics (FBA^ME^)---predicted that wild-type *E. coli* has a GUR of 10.7 mmol/gdw/h, an OUR of 15.8 mmol/gdw/h, and a specific growth rate of 0.69 per hour during aerobic growth with excess glucose. FBA^ME^ also predicted that under the same growth condition, an *E. coli* knockout strain with no cytochromes has a GUR of 18 mmol/gdw/h and growth rate of 0.42. These values agree very well with the observed experimental values for *E. coli* grown in batch cultures ([@b37]; [@b25]), which supports our argument that the higher GUR of *E. coli* during anaerobiosis than under aerobic conditions is due to the absence of the respiratory enzymes.

We also simulated the aerobic growth of *E. coli* in glucose-limited chemostat using both conventional FBA and FBA^ME^. FBA^ME^ successfully predicted the growth rate and yield changes with respect to increasing GUR ([Figure 2A and B](#f2){ref-type="fig"}), as well as the aerobic production of acetate ([Figure 2C](#f2){ref-type="fig"}) and concomitant repression of oxygen uptake ([Figure 2D](#f2){ref-type="fig"}). On the other hand, traditional FBA significantly overestimated the growth rate and yield at higher GURs (this overestimation cannot be explained by varying the growth-associated maintenance energy parameter; [Figure 2A](#f2){ref-type="fig"}), and failed to predict the reduction in oxygen uptake at higher GURs ([Figure 2](#f2){ref-type="fig"}). Furthermore, FBA^ME^ predicted the selective expression of Cyo and Cyd-II at lower uptake rates ([Figures 1E](#f1){ref-type="fig"} and [3A and B](#f3){ref-type="fig"}) as well as the reduction of the TCA cycle activities at higher uptake rates ([Figure 3C and D](#f3){ref-type="fig"}). The predictions from FBA^ME^ are in excellent agreement with the gene expression data from glucose-limited chemostat ([Figure 3](#f3){ref-type="fig"}), and the utilization of Cyd-II explains the subtle decrease in respiratory efficiency observed in experiments ([Supplementary information](#S1){ref-type="supplementary-material"}). Given the simplicity of the constraint we imposed, our model predictions agree surprisingly well with experimental observations, lending strong credibility to the membrane economics hypothesis.

Selective expression of cytochromes and activation of fermentation pathways
---------------------------------------------------------------------------

Having validated the concept of membrane occupancy, we studied the coordination of glucose transport with cytochrome oxidase activity, mediated by Cyo, Cyd-I, or Cyd-II at low, medium, or high rate of glucose uptake under aerobic or microaerobic conditions. FBA^ME^ indicates that *E. coli* regulates the expression of cytochrome oxidases based on the availability of glucose and oxygen. Under aerobic conditions, at lower GURs (\<3.2 mmol/gdw/h), the high cost of the efficient Cyo is not penalized because the membrane is not completely saturated---the glucose transporters share the membrane with the Cyo without competition ([Figures 3A](#f3){ref-type="fig"} and [4A](#f4){ref-type="fig"}). Consequently, both growth rate and yield increase with GUR ([Figure 2A and B](#f2){ref-type="fig"}). As the GUR increases beyond a certain critical level (3.2 mmol/gdw/h), the membrane becomes saturated and any further increase in the GUR requires more glucose transporter proteins to be expressed at the expense of the cytochrome oxidases in the membrane. Thus, at medium GURs (3.2--8 mmol/gdw/h), the low-cost Cyd-II replaces the costly Cyo ([Figures 3A and B](#f3){ref-type="fig"} and [4B](#f4){ref-type="fig"}) at the expense of respiratory efficiency, leading to an increase in growth rate but a decrease in growth yield ([Figure 2A and B](#f2){ref-type="fig"}). Once the GUR surpasses a second critical level (8 mmol/gdw/h), the membrane is occupied predominantly by Cyd-II. Further increase in the GUR necessitates some Cyd-II be replaced by the glucose transporters ([Figure 4C](#f4){ref-type="fig"}), decreasing the rate of respiration ([Figure 2D](#f2){ref-type="fig"}). As a result, a portion of the glucose is metabolized through the fermentative pathways ([Figures 2C](#f2){ref-type="fig"} and [4C](#f4){ref-type="fig"}), leading to a significant loss in energetic efficiency and biomass yield ([Figure 2A](#f2){ref-type="fig"}). Nonetheless, during this phase, the growth rate continues to increase ([Figure 2B](#f2){ref-type="fig"}). Maximal growth rate is reached when the ATP gain from increased GUR can no longer offset the ATP loss from the efficiency reduction ([Figures 1C](#f1){ref-type="fig"} and [2B](#f2){ref-type="fig"}).

Expression of Cyd-I under microaerobic growth conditions
--------------------------------------------------------

Under aerobic conditions, FBA^ME^ predicts that Cyd-I is not used because its membrane cost is similar to that of Cyo but it has a much lower energetic efficiency. However, under microaerobic conditions, the membrane cost is inversely related to oxygen affinity of the enzymes ([Equation 6](#eq6){ref-type="disp-formula"}), making Cyd-I the preferred cytochrome ([Figure 4D](#f4){ref-type="fig"}; [Supplementary information](#S1){ref-type="supplementary-material"}) due to its high oxygen affinity ([@b26]; [@b10]; [@b3]). Conventional FBA cannot predict *E. coli*\'s preference for Cyd-I under microaerobic conditions because it cannot take oxygen affinity into account.

The transcriptional regulation of Cyo and Cyd-I expression is achieved in *E. coli* through ArcA. ArcA represses the expression of Cyo and induces Cyd-I ([@b32]). As such, in ArcA knockout strains, Cyo is expressed instead of Cyd-I. Since Cyo is more costly than Cyd-I under microaerobic conditions, this would lead to a decrease in glucose transporter expression. Indeed, a decrease in GUR is indeed observed in ArcA knockout strains grown under microaerobic condition ([@b17]).

Discussion
==========

How crowded is the cytoplasmic membrane?
----------------------------------------

Despite the high degree of consistency between our model prediction and experimental observations ([Figures 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}; [Supplementary Figure 3](#S1){ref-type="supplementary-material"}), as well as various indirect evidence ([@b40]), the 'coverage\' (fraction occupied by proteins) of the cytoplasmic membrane has not been directly confirmed by targeted membrane studies. However, [@b24] have estimated that glucose transporters take up \>4% of *E. coli* membrane area. Assuming 50% of the membrane is composed of lipids ([@b16]), glucose transporters alone occupy \>8% of the membrane area available for protein expression. Similar estimates suggest that at the highest OUR (18 mmol/gdw/h), about 15% of *E. coli*\'s cytoplasmic proteins are cytochromes while under microaerobic conditions, about 11% ([Supplementary information](#S1){ref-type="supplementary-material"}). Furthermore, estimates based on simulated ATP requirement suggest that about 13% of cytoplasmic proteins are ATP synthase during optimal aerobic growth ([Supplementary information](#S1){ref-type="supplementary-material"}; B Palsson, personal communication). These estimates suggest an extremely crowded cytoplasmic membrane where various enzymes compete for the available membrane area ([@b24]). In the future, the measurements of the membrane saturation level and the abundance of various membrane enzymes may serve as a direct confirmation of our hypothesis, and may be useful for the acquisition of more accurate model parameters.

Linking physiology and morphology in bacteria
---------------------------------------------

Our simulations are consistent with the hypothesis that *E. coli*\'s regulatory program has evolved to ensure the efficient utilization of the finite cytoplasmic membrane. The size of *E. coli*\'s specific cytoplasmic membrane available for transmembrane protein expression is directly related to its surface area to volume (S/V) ratio (see Materials and methods), which is greatly affected by the cell morphology; thus, this model allows for the first time, the ability to analyze the relation between morphology and physiology of this organism. For a rod-shaped cell, the S/V ratio is very sensitive to the change in its radius, but insensitive to the change in its length. Throughout the growth phase, the rod-shaped *E. coli* grows primarily by elongation ([@b2]), thus ensures that the same regulatory program remains useful through the growth process despite the necessary morphological changes during binary fission. During energy starvation, *E. coli* becomes spherical and much smaller ([@b12]); the resultant increase in the S/V ratio allows *E. coli* to scavenge for multiple nutrient sources simultaneously using different transporters without sacrificing efficiency.

Morphological control of S/V ratio may be a common strategy in bacteria to obtain the desired rate of respiration. For example, *Geobacter sulfurreducens* is perhaps capable of obtaining much higher rate of respiration from acetate than *Rhodoferax ferrireducens*, a similar iron-reducer ([@b8]; [@b28]; [@b42]) due to its smaller size and the resultant high S/V ratio. The free energy-starved *Dehalococcoides* spp. may have evolved its disk shape in order to maximize the dechlorination rate given the low thermodynamic efficiency associated with the dechlorination process ([@b11]).

Membrane constraints in eukaryotic cells
----------------------------------------

Given the generic nature of the constraint we proposed, it is only rational that economics of membrane occupancy also be applicable to eukaryotic metabolism since eukaryotes also exhibit aerobic fermentation. Eukaryotes are generally larger than prokaryotes. While the increase in volume accommodates the greater level of complexity, the downside is that it leads to a significant reduction in S/V ratio. Therefore, it is plausible that one reason for compartmentalization of eukaryotic metabolism is to increase the membrane availability. We believe that the concept of competition to occupy transmembrane space by different proteins is also prevalent in eukaryotes as well, although the competing proteins, nature of competition, and the direct outcome of the competition are far more complex and warrant further investigation. Two independent observations substantiate this idea. The first is a positive correlation between respiration and the mitochondrial membrane area in yeast ([@b41]) and higher organisms ([@b5]). The second is the implication that glucose uptake in yeast may be limited by the cytoplasmic membrane area ([@b24]).

In eukaryotes, glucose transporters are located on the cytoplasmic membrane and the cytochromes are located on the mitochondrial membrane. Once transported, glucose is oxidized to pyruvate. The subsequent fate of pyruvate is dependent on whether it is transported into the mitochondria or converted to ethanol (yeast) or lactate (mammals). Analogous to the competition between glucose transporters and cytochromes for space on the cytosolic membrane in prokaryotes, it is reasonable to argue that cytochromes compete with pyruvate transporter for space on the mitochondrial membrane in eukaryotes. We hypothesize that the outcome of this competition has a large role in controlling respiration and fermentation. Clearly, additional studies are required to determine whether the membrane economics theory alone is sufficient to explain the respiro-fermentation phenomenon in eukaryotes.

Concluding remarks
------------------

Although it has long been suggested that cellular evolution are governed by non-adjustable mechanistic constraints ([@b19]; [@b20]; [@b18]), to date, most metabolic models rely on empirically derived parameters such as glucose and OUR. We showed that complex phenomena, such as the respiro-fermentation in bacteria, could be described by a simple mechanistic constraint on membrane enzyme occupancy. Furthermore, we showed that this simple morphological constraint dictates the regulation of *E. coli*\'s metabolism, thus establishing a direct link between cell morphology and physiology. Finally, we hypothesize that this mechanism might be a critical factor governing eukaryotic metabolism and the evolution of mitochondria. Further efforts to elucidate such fundamental cellular constraints as well as the underlying design principles could significantly improve our understanding of the regulation and evolution of metabolism.

Materials and methods
=====================

Membrane cost of metabolic reactions
------------------------------------

The rate of a metabolic reaction (or flux) when the substrate is present in excess can be described by:

Here, *v*~*i*~ is the rate of the *i*th metabolic reaction, *k*~cat,*i*~ is the turnover rate of the enzyme catalyzing this reaction, and \[*E*~*i*~\] is the concentration of this enzyme. From [Equation (1)](#eq1){ref-type="disp-formula"}, we can derive that the enzymatic concentration (*E*~*i*~^\*^) required for the *i*th reaction to achieve a rate of 1 mmol/gdw/h:

Many metabolic reactions are catalyzed by membrane-bound enzymes (e.g. transporters, cytochromes). For these reactions, we define the specific membrane area (surface area/biomass) required for a particular reaction to achieve the reaction rate of 1 mmol/gdw/h as the membrane cost of the reaction. This membrane cost is directly related to the membrane area consumed per enzyme (*m*~*i*~) and the turnover rate of the enzyme:

It has been found that the intracellular concentration of most metabolites is much higher than the *K*~s~ values of the enzymes ([@b4]). Therefore, *k*~cat,*i*~ for most membrane-bound enzymes *v*~*i*~ can perhaps be assumed to be independent of the substrate concentrations. However, *v*~*i*~ of cytochrome oxidases and glucose transporter are exceptions because oxygen and glucose are extracellular. For these enzymes, the apparent *k*~cat,*i*~^app^ can be related to the metabolite concentration using the following Michaelis--Menten expression:

For the reactions catalyzed by these enzymes, [Equation (3)](#eq3){ref-type="disp-formula"} becomes:

It follows from [Equations 4](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"} that for these reactions:

Membrane economics for prokaryotes
----------------------------------

For a given physiological state, the surface area to volume ratio (*R*~S/V~) and the intracellular density (*D*) of a prokaryotic cell remain relatively constant; the specific membrane area (*M*~cyt~, area/gdw biomass) of the cytoplasmic membrane can be estimated by:

To maintain membrane integrity, a large portion of the cytoplasmic membrane must be composed of lipids ([Equation 6](#eq6){ref-type="disp-formula"}); therefore, only the remaining fraction (*f*~available~) of the specific membrane area is available for the expression of membrane proteins. In other words, the total membrane cost incurred at the cytoplasmic membrane must be less than or equal to the cytoplasmic membrane budget (*B*~cyt~):

Where the cytoplasmic membrane budget (*B*~cyt~) is given by:

While it is difficult to measure/determine the cytoplasmic membrane budget and the membrane cost of transmembrane enzymes, the relative membrane cost of these enzymes can be determined from growth physiology of knockout strains. The relative membrane cost is defined as the fraction of the specific membrane area required for a particular reaction to achieve the reaction rate of 1 mmol/gdw/h, this is mathematically described by:

From [Equations 5](#eq5){ref-type="disp-formula"} and [7](#eq7){ref-type="disp-formula"}, we can derive relative form of the cytoplasmic membrane constraint, where only the relative membrane costs *C*~*i*~^\*^ are unknown:

Calculating the relative membrane costs in *E. coli*
----------------------------------------------------

As a simplification, our model assumes that only the expression of the glucose transporter and the three cytochromes (Cyo, Cyd-I, and Cyd-II) are constrained by the availability of the cytoplasmic membrane. The relative membrane costs of these enzymes were calculated from the growth data of various cytochrome-knockout strains. Because the membrane occupancy constraint is the only constraint where the cost parameters appears in our model, this constraint must be binding (*v*~*i*~*C*~*i*~=1) for us to acquire unique cost parameters. During batch growth, cell\'s metabolism is not expected to be limited by the rate of glucose uptake as glucose concentrations are high. Under these conditions, the binding requirement (*v*~*i*~*C*~*i*~=1) is automatically satisfied---since the membrane occupancy constraint is the only active/limiting constraint, and hence, must be binding. However, during glucose-limited chemostat growth, the metabolism of the cell can be limited by either the GUR or the membrane occupancy constraint. If metabolism of the cell is limited by GUR (e.g. under conditions where the glucose feed rate is very low), then the membrane may be unsaturated. Therefore, in order to satisfy this requirement, we have chosen data generated from experimental conditions where the membrane is likely to be saturated; in other words, we have implicitly assumed that the membrane occupancy constraint is binding throughout the parameter estimation process. The details of the parameter estimation process and more information on the membrane constraint binding requirement are in the [Supplementary information](#S1){ref-type="supplementary-material"}.

The inferred relative cytoplasmic membrane costs under aerobic conditions are:C^\*^~GUR~:0.0556 gdw·h/mmolC~Cyo~^\*^:0.0658 gdw·h/mmolC~Cyd-I~^\*^:0.0427 gdw·h/mmolC~Cyd-II~^\*^:0.0128 gdw·h/mmol

The FBA^ME^ model of *E. coli* can be found in the BioModels Database (accession number: MODEL1105030000) as well as the [Supplementary information](#S1){ref-type="supplementary-material"}. The COBRA version can be accessed at <http://www.labs.chem-eng.utoronto.ca/mahadevan/the-lab/downloads/>.

Simulation of the aerobic growth of cytochrome-knockout strain
--------------------------------------------------------------

[@b25] has reported that an *E. coli* strain with Cyo, Cyd-I, and Cyd-II genes deleted is able to grow under aerobic conditions, with a GUR of 20 mmol/gdw/h and a growth rate of 0.42. They also found that under aerobic conditions, the expression of the PFL gene is half of the corresponding expression under anaerobic condition. Using FBA^ME^, we simulated the growth of this knockout strain by shutting off the Cyo, Cyd-I, and Cyd-II reactions, and constraining the PFL flux to half of its predicted anaerobic value.
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![The effects of the uptake and membrane occupancy constraints on the solution space. (**A**) Solution space of an unconstrained *E. coli* model. (**B**) Yield predicted by FBA. (**C**) Yield predicted by FBA^ME^. (**D**) Energy production pathway predicted by FBA. (**E**) Energy production pathway predicted by FBA^ME^. The color in panels (**A**--**C**) indicates the growth yield. The color in panels (**D**, **E**) indicates the predicted energy production pathway---red for fermentation, blue for respiration through Cyo, and green for respiration through Cyd-II. In panels (**B**, **C**), indicates the solution with optimal growth yield, and indicates the solution with optimal growth rate. The shape of the solution space is different between FBA and FBA^ME^; the utilization of Cyd-II is predicted by FBA^ME^, but never predicted by FBA.](msb201134-f1){#f1}

![The predicted yield (**A**), growth rate (**B**), acetate production rate (**C**), and oxygen production rate (**D**) as a function of the GUR. Asterisk indicates experimental measurements obtained by [@b37]. The lines refer to the predictions of the FBA^ME^ (red solid), FBA with low GAM (blue dashed), and FBA with high GAM (green dash-dot). Source data is available for this figure at [www.nature.com/msb](http://www.nature.com/msb).](msb201134-f2){#f2}

![Comparison between FBA^ME^ predictions and experimentally measured gene expressions of Cyo (**A**, **E**), Cyd-II (**B**, **F**), succinate dehydrogenase (**C**, **G**), and succinyl-CoA synthetase (**D**, **H**). In panels (**A**, **B**), relative expression is the portion of the available membrane (total=1) used by a protein; this value is directly related to the abundance of the protein on the membrane. Symbols are used in panels (**E**--**H**) to distinguish the gene expressions of different subunits (panel (**E**): star=cyoA, diamond=cyoB, circle=cyoC, triangle=cyoD; panel (**F**): star=appB, diamond=appC, circle=appY; panel (**G**): star=sdhC, diamond=sdhD; and panel (**H**): star=suchC, diamond=sucD). Gene expression data was obtained from NCBI GEO using the accession number GSE4366. Source data is available for this figure at [www.nature.com/msb](http://www.nature.com/msb).](msb201134-f3){#f3}

![The *E. coli* cytoplasmic membrane occupancy by glucose transporters (brown), Cyo (blue), Cyd-I (red), and Cyd-II (green) under aerobic low GUR (**A**), aerobic medium GUR (**B**), aerobic high GUR (**C**), and microaerobic conditions (**D**). In this figure, the spheres represent the membrane enzymes, and the gray line underneath the spheres represents the cytoplasmic membrane. The arrows represent the metabolic flow.](msb201134-f4){#f4}
